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Summary. We used human anaplastic glioma xenografts 
to evaluate the therapeutic efficacy of combinations of 
alkylating drugs, either 1,3-bis(2-chloroethyl)-l-nitro- 
sourea (BCNU), 1-(2-chloroethyl)-3-(2,5-dioxo-3-piperi- 
dyl)-l-nitrosourea (PCNU), or procarbazine, and thio- 
purines, either 6-mercaptopurine (6MP) or 6-thioguanine 
(6TG). Using growth delay as the endpoint in subcu- 
taneous (s.c.) tumors and increased life span as the end- 
point in intracranial (i. c.) tumors, we found that combina- 
tions of chloroethylnltrosoureas (CENUs) and thiopurines 
were significantly more active than either type of agent 
alone. In contrast, combinations of procarbazine and 
thiopurines were not significantly more active than procar- 
bazine alone. The therapeutic potentiation of the CENU 
was greater when the latter was given on the 4th day of the 
thiopurine treatment cycle than when it was given on the 
1st day. Characterization of the interaction between 
CENUs and thiopurines also revealed a supraadditive ther- 
apeutic response at higher BCNU doses in combination 
with 6TG. Interaction between the nitrosoureas and the 
thiopurines probably occurs in the guanine base of tumor 
DNA and has important therapeutic implications. 

Introduction 

The nitrosoureas are the most active drugs in the treatment 
of anaplastic gliomas. Both 1,3-bis(2-chloroethyl)-l-nitro- 
sourea (BCNU) and 1-(2-chloroethyl)-3-(2,6-dioxo-3- 
piperidyl)-l-nitrosourea (PCNU) have produced signifi- 
cant responses in patients with these diseases [16, 23], and 
nitrosoureas are the most consistently active agents in the 
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treatment of experimental gliomas [19]. Procarbazine, a 
methylating agent, has also shown clinical activity [15]. 
However, the majority of patients with gliomas do not 
respond to therapy with these alkylating drugs, and numer- 
ous attempts to enhance the effect of the nitrosoureas by 
using bone-marrow-ablative doses, giving the drugs by 
other routes, or combining them with other cytotoxic drugs 
have been only marginally successful. The thiopurines 
6-mercaptopurine (6MP) and 6-thioguanine (6TG) are ac- 
tive in the treatment of some human neoplasms, primarily 
leukemias, and probably exert their cytotoxic effects by 
direct incorporation of the modified bases into DNA. Since 
the nitrosoureas and procarbazine produce cytotoxic le- 
sions on guanine in DNA, there is potential for their inter- 
action with thiopurines. We report the results of experi- 
ments using human glioma xenografts in athymic mice to 
evaluate the therapeutic interaction of alkylating drugs 
with thiopurines. 

Materials and methods 

Animals. Homozygous adult nu/nu BALB/c athymic mice derived from 
an independent breeding colony at Duke University were used for these 
experiments. 

Drugs. BCNU (carmustine; Bristol Laboratories, Evansville, Ind.) was 
purchased commercially. PCNU was supplied by the Division of Cancer 
Treatment of the National Cancer Institute. Procarbazine was supplied by 
Hoffman LaRoche, Inc. (Nutley, N.J.). Burroughs-Wellcome Co. (Re- 
search Triangle Park, N.C.) supplied 6MP and 6TG. All drugs were 
given by intraperitoneal (i. p.) injection in a volume of 30 ml/m 2 (approx- 
imately 0.2 ml/animal). BCNU was dissolved in ethanol (100 mg/3 ml) 
and diluted in normal saline; PCNU was dissolved in dimethylsultbxide 
(DMSO, 16.5 mg/ml) and diluted in 5% dextrose; procarbazine was 
dissolved in normal saline; 6-MP and 6-TG were dissolved in 1 N NaOH 
(0.1 mg/ml) and diluted in 0.2 M sodium phosphate buffer (pH 8). 
BCNU, PCNU, and procarbazine were given in a single dose on either 
day 1 or day 4 of the treatment schedule. The thiopurines were given on 
a daily • schedule. BCNU and procarbazine were given at doses that 
were lethal for 10% of the mice (LD10) as determined in our colony (75 
and 2,437 mg/m 2, respectively); PCNU was given at either 10% (in the 
6MP experiment) or 20% (in the 6TG experiment) of its LDlo (8 and 
16 mg/m 2, respectively); 6MP and 6TG were given at their LDI0 (297 



and 24.5 mg/m 2 per dose, respectively). Lower doses of PCNU were 
used because it is a highly effective agent against D-54 MG, producing 
cures at doses as low as 50% of the LD10 [21]; therefore, therapeutic 
potentiation could be detected only at lower doses. 

Drug infusions. Alzet mini-osmotic pumps (Model 2001: mean fill 
volume, 210 gl; mean pumping rate, 0..96 gl/h x 7  days) were purchased 
from the Alza Corp. (Palo Alto, Calif.). The osmotic pumps were filled 
with either drug vehicle or 6TG (approximately 64% of the LDm) and 
implanted s.c. in the flank opposite the tumor when the median tumor 
volume of all animals in the experiment had exceeded 200 mm 3. 

Tumor lines. D-54 MG is the Duke University subline of A-172 [2, 14]. 
It was derived from a human anaplastic astrocytoma and has been exten- 
sively described [2, 3, 25], and its sensitivity to numerous chemother- 
apeutic agents in athymic mice has been determined [21]. It is deficient 
in O6-alkylguanine-DNA alkyltransferase (GATase) and is sensitive to 
nitrosoureas and procarbazine. Experiments were done with this line 
between the 10th and the 20th animal-passage levels. Its s.c. volume- 
doubling time is 2 -2 .5  days. N-1520 is a human brain-tumor xenograft 
that was established in athymic mice at Duke University after direct 
transplantation from a resected cerebral glioblastoma. It is also deficient 
in GATase and is highly sensitive to nitrosoureas and procarbazine. The 
treatment experiment reported herein was done at the 34th animal-pas- 
sage level. The s. c. volume-doubling time for this line is 3.4 days. 

Treatment experiments. The methodology of treatment experiments in 
athymic mice has been repeatedly described [20]. Briefly, for treatment 
of s. c. rumors, 50 gl tumor suspension was injected into the right flank of 
4 0 - 5 0  animals, the tumors were measured twice weekly with calipers, 
and when the median tumor volume of all animals had exceeded 
200 mm 3 (day 7 or 8 with D-54 MG and day 14 with N-1520), animals 
were divided into groups of 8 - 1 0  such that the average tumor volumes 
among the groups were not significantly different. Treatment began on 
that day (treatment day 1), and tumors were serially measured with 
calipers twice weekly until their volumes exceded 8 times those mea- 
sured on the 1st treatment day. Tumor volume was estimated by the 
formula: volume = (length 2 x width)/2, where length >width. At volumes 
of <2.5 cm 3, growth is linear and central necrosis is minimal. For treat- 
ment of i.c. tumors, 5 ~tI tumor suspension that contained 50% methyl- 
cellulose was injected through a 27-gauge needle at a depth of 4 mm into 
the right cerebral hemisphere. Treatment began on the 1 lth day after i. c. 
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tumor implantation (treatment day 1), and animals were followed until 
their death or until day 60 after implantation. 

Evaluation of response. Therapeutic efficacy was measured in two ways 
in the s. c. tumor experiments. First, the number of days required for each 
tumor to reach a volume 8 times that measured at the initiation of 
treatment was determined. These values were compared among groups 
by the Wilcoxon rank-sum test. Growth delay, or T C, was the difference 
between the median value for the treatment group and that for the control 
group. Second, the number of tumor regressions in each group was 
determined, and the values were compared by the Fisher exact test. 
Tumor regression was defined as any posttreatment tumor volume that 
was less than the volume measured at the time of alkylator administra- 
tion. In the i.c. tumor experiments, the day of death of each animal was 
recorded and these values were compared among the groups by the 
Wilcoxon rank-sum test. 

For the evaluation of drug interaction, the method of Deen and 
Williams [9] was used. Isobolograms were generated for the case in 
which the dose of one agent is held constant. Envelopes of additive effect 
for different doses of the variable agent are produced using this method. 
Dose-response curves for each agent alone were initially determined. 
The envelope of additivity was generated from a series of isoeffect levels 
that had been derived from the complete dose-response curves for each 
single agent. Combinations that produce a level of effect that falls within 
the envelope of mode I and II determinations are considered to be 
additive in effect; combinations whose level of effect falls above the 
envelope are supraadditive; and combinations whose level of effect fall 
below the envelope are subadditive [ 1 ]. 

Results 

T h e  g r o w t h  d e l a y  p r o d u c e d  b y  c o n t i n u o u s  s. c. a d m i n i s t r a -  

t i o n  o f  5 T G  ( a p p r o x i m a t e l y  6 4 %  o f  the  4 - d a y  to ta l  L D l o  
dose )  w a s  1.1 days .  D a i l y  i .p .  i n j e c t i o n s  o f  6 7 %  of  t he  

L D l o  g i v e n  fo r  4 d a y s  p r o d u c e d  a g r o w t h  d e l a y  o f  
1.4 days .  T h e  ~ ' o w t h  d e l a y s  o b t a i n e d  in b o t h  t r e a t m e n t  
g r o u p s  w e r e  s i g n i f i c a n t  in  c o m p a r i s o n  w i t h  t h e i r  r e s p e c t i v e  
c o n t r o l  v a l u e s  (P  < 0 . 0 5  in  b o t h  cases ) .  H o w e v e r ,  t he  

d i f f e r e n c e  in  g r o w t h  d e l a y  p r o d u c e d  b y  t he  t w o  r o u t e s  o f  

Table 1. Treatment of s. c. D-54 MG in athymic mice with alkylating agents and thiopurines 

Treatment T-C P-value vs control P-value vs combination P-value vs thiopurine TR 

BCNU day 1 14.7 0.0001 0.0016 0.0001 1/10 
6MP days 1 - 4  3 0.0001 0.0001 - 1/9 
BCNU day 4, 6MP days 1 - 4  25 0.0001 - - 6/9 
PCNU day 1 4.3 0.0001 0.0001 0.4531 0/10 
6MP days 1 - 4  4.4 0.0001 0.0001 - 0/10 
PCNU day 4, 6MP days 1 - 4  10.8 0.0001 - - 4/10 
Procarbazine day 1 18.1 0.0001 0.094 0.0001 1/8 
6MP days 1 - 4  1.4 0.0024 0.0001 - 0/8 
Procarbazine day 4, 19.9 0.0001 - - 0/8 

6MP days 1 - 4  
BCNU day 1 11.9 0.0001 0.0005 0.0001 2/10 
6TG days 1 - 4  3.9 0.0001 0.0001 - 0/10 
BCNU day 4, 6TG days 1 - 4  19.1 0.0001 - - 8/10 
PCNU day 1 13.7 0.0001 0.0001 0.0001 0/8 
6TG days i - 4  2.9 0.0001 0.0001 - 0/8 
PCNU day 4, 6TG days 1 - 4  21.2 0.0001 - - 6/8 
Procarbazine day 1 18.4 0.0001 0.1241 0.0001 3/8 
6TG days 1 - 4  3.2 0.0002 0.0001 - 0/8 
Procarbazine day 4, 22.2 0.0001 - - 7/8 

6TG days 1 - 4  

T-C, Growth delay in days (see Materials and methods); TR, tumor regressions (see Materials and methods); drug doses (mg/m 2 per day i.p.): 
BCNU, 75; 6-ME 297; PCNU, 8 ha the 6MP experiment and 16 in the 6TG experiment; procarbazine, 2,437; 6TG, 24.5 
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Fig. 1. Treatment of s.c. D-54 MG in athymic mice with BCNU (at), 
6MP (O),  and B CNU + 6MP ( � 9  Treatment began on day 8 after tumor 
implantation (see Materials and methods for doses and schedules). Each 
point represents the median tumor volume in 8 - 10 animals. I ,  controls 
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Fig. 2. Treatment of s.c. D-54 MG in athymic mice with BCNU (at), 
6TG ( 0 ) ,  and BCNU + 6TG (0 ) .  Treatment began on day 8 after tumor 
implantation (see Materials and methods for doses and schedules). Each 
point represents the median tumor volume in 8 - 1 0  animals. I ,  controls 

administration of 6TG was not statistically significant 
(P = 0.20). The daily x 4 i.p. schedule was used for all 
drug-interaction experiments. 

Table 1 lists the results of six experiments carried out 
on D-54 MG using the various combinations of either 
BCNU, PCNU, or procarbazine and either 6MP or 6TG. 
The median time required for tumors to reach a volume 8 
times that measured at the initiation of treatment in the six 
control groups ranged from 13.1 to 14.8 days. No tumor 
regressions occurred in any of the control groups. 

Growth delay was significant (P <0.01) in all treatment 
groups in comparison with controls. The growth delay 
produced by the four nitrosourea + thiopurine combina- 
tions was significantly greater than that produced by the 
nitrosourea alone (P <0.01 in all cases). Figures 1 and 2 
depict the enhanced growth delays produced by combina- 
tion treatment with BCNU + thiopurine as compared with 
BCNU or thiopurine alone. Furthermore, the numbers of 
tumor regressions produced by the nitrosourea + 
thiopurine combinations (BCNU + 6MP, 6/9; PCNU + 
6MP, 4/10; BCNU + 6TG, 8/10; PCNU + 6TG, 6/8) were 
significantly greater than those produced by the nitro- 
sourea alone (P <0.05 in each case). On the other hand, the 
growth delay produced by the two procarbazine + 
thiopurine combinations was not significantly greater than 
that produced by procarbazine alone, although the procar- 
bazine + 6TG combination produced more tumor regres- 
sions (7/8 vs 3/8 for procarbazine alone). 

Median survival values in the first i.c. experiment 
were: control, 24.5 days; BCNU on day 4, 41.5 days; 6TG 
on days 1-4,  26 days; and BCNU on day 4 + 6TG on days 
1-4,  51 days (Table 2). Both BCNU alone and BCNU + 
6TG produced significant increases in life span in compar- 
ison with control values (P <0.01). Despite its lack of 
efficacy as a single agent, 6TG significantly potentiated the 
effect of BCNU. There were no survivors at 60 days in the 
control or 6TG groups, but 1/12 mice treated with BCNU 
alone and 3/12 animals treated with BCNU + 6TG were 
alive at 60 days (Fig. 3). 

For evaluation of the interaction between the 
thiopurines and the CENUs, tumor growth-delay studies at 
multiple dose levels were done using 6TG alone, BCNU 
alone, and the two drugs in combination (Table 3). Both 
6TG alone and BCNU alone produced increasing delays in 
tumor growth with increasing drug dose, and BCNU was 
more effective than 6TG. Figure 4 depicts an isobologram 
showing the envelope of additivity for the 6TG (at its 
LD10) + BCNU (0.25-0.75 x LD10) combination. The 
growth delays were subadditive at lower doses of BCNU 
but were supraadditive at higher BCNU doses. 

Median times from implantation to the achievement of 
a tumor volume 8 times the initial value (treatment day 1) 
in an s. c. experiment were: (a) BCNU on day 1, 21.3 days; 
(b) BCNU on day 1 + 6TG on days 1-4,  25.8 days; 
(c) BCNU on day 4, 16.3 days; and (d) BCNU on day 
4+6TG on days 1-4,  25.6 days. The difference between 

Table 2. Trealment of i. c. D-54 MG in athymic mice with BCNU and 6TG 

Treatment Animals Survival: median, range T/C Number of 60-day survivors 
N (days) (%) 

Control 12 24.5, 15-33 - 0 (0) 
BCNU day 4 12 41.5, 19-60+ 1.70" 1 (8) 
6TG days 1 - 4  13 26, 12-36 1.10 (NS) 0 (0) 
BCNU day 4 G 12 51, 21 -60+  2.10" 3 (25) 

6TG days 1 - 4  

* P <0.05 vs control value 
T/C, median survival of treated animals/median survival of control animals; NS, not significant; Drug doses: BCNU, 75 mg/m 2 • 1; 6TG, 24.5 mg/m 2 
per day 
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T a b l e  3. Growth delay of s. c. D-54 MG produced by 6TG, BCNU, and 
the two-drug combination 

Drug dose T-C 
(fraction of LD10) (days) 

6TG days 1-4 0.67 1.4 
1 3.9 
1.33 6.3 

BCNU day 1 0.25 3.8 
0.75 11.9 
1 14.8 

BCNU day 4, 6TG days 1-4 0.25, 1 5.1 
0.25, 1 6.3 
0.38, 1 8.3 
0.5, 1 14.7 
0.75, 1 19.1 

Days After Tumor Implantation 
Fig. 3. Life-span distribution of animals bearing i.c. D-54 MG tumors 
after treatment beginning on day 11 after tumor implantation. Treatment 
was either drug vehicle (control), 6TG on days 11 - 14, BCNU on day 14, 
or 6TG on days 11-14 + BCNU on day 14. Drug doses: 6TG, 
24.5 mg/m 2 per day, BCNU, 75 mg/m 2 
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Fig. 4. Isobologram for the treatment of s. c. D-54 MG tumors with 6TG 
(24.5 mg/m 2) on days 1 -4  and a range of BCNU doses on day 4. Squares 
represent the dose-response curve for BCNU alone. The shaded region is 
the envelope of additivity for the combination treatment. Circles indicate 
the dose-response curve for the combination treatment. Response is 
expressed as growth delay (T-C) in days 

groups c and d (9.3 days) was significantly greater than 
that between groups a and b (4.5 days, P -- 0.046; Table 4). 
Indicating that the effect of BCNU is potentiated to a 
greater degree by prior administration of 6TG. Further- 
more, although the growth delay produced by BCNU on 
day 4 was less than that produced on day 1, as would be 
expected, the addition of 6TG rendered the BCNU treat- 
ment on day 4 equal to or better than that on day 1. 

For examination of the schedule dependence of BCNU 
administration in i. c. tumors, BCNU was given on day 1 in 

a second i.c. experiment. The differences in median sur- 
vival between the treatment and control groups were: 
(a) BCNU on day 1, 30 days; (b) BCNU on day 1 + 6TG 
on days 1-4 ,  35 days; (c) BCNU on day 4, 17 days; and 
(d) BCNU on day 4 + 6TG on days 1 -4 ,  26.5 days. The 
combination treatment produced a 16.7% increase in me- 
dian survival in comparison with BCNU given alone on 
day 1. In contrast, the combination treatment produced a 
55.9% increase in median survival in comparison with 
BCNU given a alone on day 4, supporting the hypothesis 
that greater potentiation of the efficacy of BCNU is obtain- 
ed by prior thiopurine administration. In addition, compar- 
ison of combination treatment with administration of 
BCNU alone revealed that BCNU given on day 4 after 
6TG enhanced the percentage of 60-day survivors to a 
greater degree than did BCNU given on day 1 followed by 
6TG (Table 5). 

Tumor-growth delays produced against s.c. N-1520 
were: 6TG on days 1-4 ,  6.2 days; BCNU on day 4, 
27.6 days; and BCNU on day 4 + 6TG on days 1 -4 ,  
36.4 days. Growth delays were significant in all treatment 
groups as compared with controls (P <0.01). Again, the 
growth delay produced by the BCNU + 6TG combination 
was substantially greater than that produced by either drug 
alone and was greater than the sum of the individual delays 
in growth. 

Discuss ion 

Thiopurine-induced cytotoxicity likely depends on the in- 
corporation of the thiopurine into DNA [17]. Zimm et al. 
[27] have presented preliminary evidence that once a bio- 
logically active concentration of 6MP has been attained, 
the duration of exposure becomes an important determi- 
nant of cytotoxicity. However, the results of our compari- 
son of a continuous 7-day infuson of 6TG vs daily bolus 
i.p. injections x 4  revealed no significant difference in 
tumor growth delay; consequently, the thiopurines were 
given by daily bolus injections for evaluation of their inter- 
action with alkylating drugs in these experiments. 

Positive therapeutic interaction between the CENUs 
and the thiopurines has been described by other investiga- 
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Table 4. Schedule dependence of the treatment efficacy of BCNU and BCNU + 6TG against s. c. D-54 MG 

Treatment 
Median time to 8 x day 1 tumor volume 
(days) 

% Increase of combination 
vs BCNU alone 

BCNU day 1 21.3 
BCNU day 1, 6TG days 1-4 25.8 
BCNU day 4 16.3 
BCNU day 4, 6TG days 1-4 25.6 

21.1 

57.1 

Table 5. Schedule dependence of the treatment efficacy of BCNU and BCNU + 6TG against i. c. D-54 MG 

Survival increase over % Increase of combination 
Treatment control: median, range (days) vs BCNU alone 

%60-daysurvivors 

BCNUday 1 30, 0-45 - 25 
BCNU day 1, 6TG days 1-4 35, 0-42 16.7 31 
BCNU day4 17, 0-44 - 8 
BCNU day 4, 6TG days 1-4 26.5, 0-80 55.9 25 

Median control survival was 22 days (range, 15 -33 days) with no 60-day survivors. There were 12-13 animals in each treatment group 

tors. Fujimoto and Ogawa [11] and Fujimoto and 
co-workers [12] reported that the combination of 6TG 
with 3- [(4-amino-2-methyl-5-pyrimidinyl)methyl]- 1-(2- 
chloroethyl)-l-nitrosourea (ACNU) produced synergistic 
therapeutic and cytotoxic effects against L- 1210 leukemia. 
Schabel et al. [18] observed enhancement of the cytotoxic- 
ity of PCNU by 6TG against i. c. L- 1210, as the number of 
"cures" was increased from none following treatment with 
PCNU or 6TG alone to " 6 0 % - 1 0 0 % "  following combina- 
tion treatment. More recently, Bodell et al. [5] found that 
6TG potentiated the cytotoxic effect of BCNU on rat 9L 
gliosarcoma cells in culture. The combination also in- 
creased the number of sister chromatid exchanges and 
DNA cross-links formed. Our data confirm and extend 
these observations by demonstrating that the therapeutic 
effect of the CENUs, BCNU and PCNU, against s.c. 
human glioma xenografts was significantly increased by 
the addition of a thiopurine, either 6MP or 6TG. However, 
when procarbazine was the alkylating agent, its therapeutic 
effect was not significantly enhanced by either of the 
thiopurines. 

The enhanced survival of animals with i.c. human 
glioma xenografts that were treated with BCNU and 6TG 
paralleled the enhanced delay in tumor growth observed in 
s.c. xenografts. In addition, the schedule dependency of 
the drug interaction was similar in both i.c. and s.c. 
tumors. Indeed, the additional percentages of increase in 
median survival produced by the combination treatment 
relative to BCNU alone closely resembled the additional 
increases in growth delay produced by the combination 
treatment in s.c. tumors, for both day-1 and day-4 BCNU 
administration (Table 4). Thus, the use of s.c. human 
glioma xenografts and the measurement of their growth 
delay proved to be representative of drug interaction in the 
brain. This is particularly striking because the enhance- 
ment of the effect of BCNU by a thiopurine was observed 
against human glioma xenografts in the brain despite the 
lack of an independent effect of the thiopurine. 

Initially we examined the potentiation simply in terms 
of a significant difference in growth delay produced by 
combination treatment in comparison with single-agent 
treatment, a definition of synergism suggested by Vendetti 
and Goldin [24]. However, a clearly supraadditive growth 
delay produced by the combination treatment in compari- 
son with the sum of the effects of the single agents may 
also be viewed as a "synergistic" therapeutic response and 
would imply pharmacologic or biochemical interaction [ 1 ]. 
To define more accurately the interaction between the 
nitrosoureas and the thiopurines, we used an isobolar meth- 
od that entails the construction of an additivity envelope 
that represents, in essence, the confidence limits for the 
summation of effects [1]. 

Interestingly, we found that the combination of BCNU 
and 6TG produced a supraadditive therapeutic effect only 
at the higher BCNU doses. A similar observation of the 
dose dependency of such interaction has been made by 
Fujimoto and Ogawa [11] and Fujimoto et al. [12], who 
reported that the synergistic effect in vivo and in vitro was 
obtained over a narrow range of relatively high ACNU 
concentrations. 

The cytotoxicity of the CENUs is thought to be caused 
by chloroethylation at the O6-position of guanine in DNA 
and the subsequent formation of lethal DNA interstrand 
cross-links. Chloroethyl adducts at the O6-position of 
guanine in DNA are repaired by the enzyme O6-alkyl - 
guanine-DNA alkyltransferase (GATase) [8], and in some 
systems, an inverse relationship between the level of this 
repair enzyme and CENU-induced cytotoxicity has been 
found [6, 7, 22]. Although the mechanism of interaction 
between the CENUs and the thiopurines is not known, 
Bodell [4] has presented evidence that DNA into which 
6TG has been incorporated is more susceptible to S6-alkyl - 
ation than to O6-alkylation, which would result in the in- 
creased formation of S6-(2-chloroethyl)-6-thioguanine ad- 
ducts. Furthermore, S6-alkylguanine adducts do not appear 
to be repaired by GATase [26]. 



283 

One could  hypothes ize  that the enhancement  o f  
CENU- induced  cy to toxic i ty  results  f rom the increased 
number  of  i r reparable  D N A  adducts;  that is, the th iopur ine  
is ini t ia l ly  incorpora ted  into D N A ,  and subsequent  expo-  
sure to a C E N U  produces  ch loroe thyl  adducts  that are not  
repa i rable  by  G A T a s e  and lead  to an increased  number  of  
D N A  inters trand cross- l inks.  The  schedule  dependency  of  
the interact ion supports  this hypothesis .  Thus, in terference 
with the ef f ic iency o f  the G A T a s e  repai r  sys tem is a possi-  
b le  way  o f  ove rcoming  resis tance to C E N U s  or  o f  enhanc-  
ing the sensi t ivi ty  of  a tumor  l ine to these agents. Yet,  
whereas  a number  o f  studies have  examined  deple t ion  of  
the G A T a s e  enzyme  as a means  of  interfer ing with this 
repai r  sys tem and potent ia t ing C E N U  cyto toxic i ty  [ 10, 13], 
the mechan i sm of  enhancement  p roposed  here in  suggests  a 
process  in which  the repai r  sys tem is avo ided  rather  than 
inact ivated.  Al te rna t ive ly ,  the th iopur ine  could  be direct ly  
inhibi t ing the repai r  enzyme,  but  this seems unl ike ly  be-  
cause  o f  the specif ic i ty  of  G A T a s e  for O6-alkyl  lesions.  
W e  also found  that G A T a s e  act ivi ty  in mouse  l iver  is not  
affected by  exposure  to 6MP (data  not  shown).  

Surpr is ingly,  s imi lar  therapeut ic  interact ion was not  
seen be tween  procarbaz ine  and the thiopurines.  Procar-  
bazine  acts as a methy la t ing  agent,  and perhaps an increase  
in the number  of  cross- l inks  after t rea tment  wi th  a C E N U  
and th iopur ine  results  in more  cy to toxic i ty  than an equiva-  
lent  increase  in the number  o f  me thy l  adducts  after treat-  
ment  with p rocarbaz ine  and a thiopurine.  Fur thermore ,  the 
dose dependency  of  the supraaddi t ive  effect  found in the 
present  s tudy suggests  a poss ib le  " threshold"  number  of  
ch loroe thyl  adducts  or cross- l inks  necessary  for a synergis-  
tic or supraaddi t ive  therapeut ic  response.  Resolu t ion  of  
this p rob lem requires  quant i ta t ive analysis  of  the indiv idu-  
al thiol  adducts  in DNA.  Wha teve r  the mechan i sm of  the 
interact ion,  our data  indicate  that the therapeut ic  effect  of  
the C E N U s  can be enhanced  by  pr ior  t rea tment  with 
thiopurines  and that  this effect  can be  seen in intracerebral  
tumors.  Cl inical  trials to de te rmine  whether  these data  can 
be successful ly  appl ied  to pat ients  wi th  anaplast ic  g l iomas  
are under  way.  
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